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Oxidative burst and Phagocytosis of neutrophils 
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ABSTRACT 
The determination of phagocytosis (P) and oxidative burst (OB) in unfractionated 
blood is a rapid and sensitive flow cytometric method for quantifying neutrophil 
activation, and was modified for single laser systems by using propidium iodide 
labeled Staphylococcus aureus (S.aureus) as a quantitative measure of phagocytosis 
and simultaneously the green fluorescence of oxidized 2'7' dichlorofluorescein 
diacetate was used to measure oxidative burst. Propidium-iodide labels dead 
organisms by intercalation with the DNA of the dead organism. 
This assay was characterized with respect to the stimulatory activity of bacterial 
lipopolysaccharide (LPS) on OB and P and to determine the effects of 
lipopolysaccharide and different antibiotics on oxidative burst and phagocytosis by 
polymorphonuclear leukocytes (PMNL) using a FACS 440 flow cytometer. 
Blood from healthy donors was pre-incubated with log doses of bacterial LPS (0.1 
ng/ml - 1000 ng/ml) or sterile pyrogen-free saline at 37 °c from 0-120 minutes. 
LPS increased both phagocytosis and oxidative burst in a dose-dependent manner (up 
to 62 and 121 percent respectively) at all time points tested, and this effect on P and 
OB could be detected even with no pre- incubation. This LPS - induced phagocytic 
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activity could be blocked by the addition of polymyxin B (10 µg/ml) during pre-
incubation. The priming effect of LPS was maximal at 45 minutes. P and OB were 
inhibited by pre-incubation with EDTA at doses greater than 1000 µg/ml (60 and 80 
percent inhibition) respectively. These observations are consistent with the exquisite 
sensitivity of the neutrophil to endotoxin. 
Blood from healthy subjects was subjected to different concentrations of antibiotics, 
or sterile pyrogenfree saline at 37 °c from O to 120 minutes. The antibiotics used 
were the following: Ceftriaxone, ciprofloxacin, clindamycin, doxycycline, enoxacin, 
imipenem, norfloxacin, pefloxacin, teicoplanin, tetracycline and vancomycin. Blood 
from healthy subjects was exposed to concentrations of the above antibiotics ranging 
from 0.1 to 200 µg/ml for 60 minutes. EDTA and bacterial LPS used as system 
controls demonstrated dose-dependent inhibition and increase respectively. 
Doxycycline showed inhibition of both parameters, while pefloxacin enhanced and 
tetracycline inhibited oxidative burst. The remaining antibiotics showed no dose-
related modulation of either oxidative burst or phagocytosis. 
The method described provides an environment that mimics physiological conditions; 
is a rapid and sensitive assay not requiring separation of white cells; and 
simultaneously measures two neutrophil functions. It can evaluate neutrophil 
response to immunomodulatory and chemotherapeutic agents in a physiological 
milieu. The necessity of using pyrogen - free reagents in any study of neutrophil 
function is re-emphasized. 
KEYWORDS: Oxidative burst, phagocytosis, lipopolysaccharide, flow cytometry, 
unfractionated blood, endotoxin, polymorphonuclear leukocytes, neutrophils, PMNL. 
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INTRODUCTION 
Polymorphonuclear leukocytes (PMNL), particularly neutrophils, which are part of 
the non-specific defense mechanisms of the human host, engulf bacteria by a process 
called phagocytosis and play a key role in non-specific host defense against bacterial 
invasion. 
Human neutrophils have been implicated as mediators of tissue-destructive events in 
inflammatory diseases ranging from rheumatoid arthritis and myocardial reperfusion 
syndromes, blistering skin disorders, and ulcerative colitis. In these diseases, 
important parts of the pathogenesis of these diseases is being linked to the 
neutrophil's capacity to release a complex assortment of agents that may destroy 
normal cells as well as connective tissues. As the knowledge of the neutrophil's 
potential of tissue damage increases, so does the need of therapeutic agents which 
may downregulate these unwanted effects (Weiss 1989). 
The initial encounter between a bacterium and the PMNL results in ingestion or 
engulfment of the microorganism through phagocytosis, a process mediated by serum 
factors. Various intracellular processes are set in motion after this event which usually 
end in the destruction of the invading bacteria. Subsequent digestion and destruction 
of bacteria are brought about by a series of intracellular events including 
degranulation (lysosomal fusion followed by release of lysosomal contents), and the 
manufacture of cytotoxic oxidants within the PMNL, events collectively referred to as 
"oxidative burst" (Babior 1982). 
As the leukocyte engages bacteria or other ingestible particles, membrane stimulation 
results in a dramatic shift of oxygen metabolism (Babior 1982). Concurrent with a 
marked increase in oxygen consumption, hydrogen peroxide (H20 2) and superoxide 
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anion (02-) are produced. These oxidants are bactericidal and are in part responsible 
for the intracellular killing and subsequent destruction of the ingested microorganism. 
The activity of phagocytosis and related functions can be affected by numerous factors 
as generalized as patient age, underlying illness, trauma, and surgery or more 
specifically, the presence of specific opsonizing antibody or particular medications. 
(Bass 1984, Bassoe 1984, Nagel 1986, Seneca 1986). It therefore has long been of 
interest to monitor phagocytic activities by in vitro testing. Traditionally, assessment 
of phagocytosis has been carried out by manual microscopic examination of ingested 
bacteria stained with conventional or fluorescent stains (Fig.1); the determination of 
total cell associated particles by using antigen-treated dye-containing oil droplets or 
the enumeration of either ingested or non-ingested bacteria by colony counts (Bassoe 
1981, Dunn 1984). Alternatively, the detection of particle uptake has been monitored 
through radiolabelling or electronic particle counting techniques. Chemiluminescence 
has been used as an indicator of OB during phagocytosis. These methods vary in 
accuracy, demand preparative steps to isolate PMNL and are often tedious and time-
consuming (Wilson 1985). 
Numerous flow cytometric methods of quantifying neutrophil phagocytosis have been 
described (Bassoe 1983, 1984, 1985) in which measurement of fluorescence associated 
with PMNL following ingestion of fluorescent labelled particles serves as an indicator 
for phagocytic activity. 
Briefly, using a flow cytometer (Fig. 2), leukocytes are introduced into the center of a 
rapidly moving fluid stream and are presented in single file, at uniform speed, to a 
measurement station. Typically light sources present a beam that is subsequently 
scattered at different angles, analysis of which provides information on cell sizes, 
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shape, viability, density and morphology. Therefore, cellular elements of a certain 
type, (in this case PMNL) can be selectively chosen for analysis (Fig. 3). The use of 
fluorescent dyes and the subsequent analysis of fluorescence provides an even more 
powerful analytical tool (Quirke 1986). The number of cells available for analysis by 
flow cytometry greatly exceeds that practical by a human observer using manual 
methods for the measurement of phagocytosis and does so with greater accuracy, 
reliability and with less variation (Dunn 1981). 
These flow cytometric methods have been compared with manual microscopic 
methods of quantifying phagocytosis and found to be comparable in results, but 
significantly faster and more accurate (Dunn 1981). It has now been accepted as a 
recognized method of assessing neutrophil function and is being used in many routine 
diagnostic laboratories. 
More recently the technology of flow cytometry has enabled the assessment of both 
OB and P using isolated leukocytes (Bassoe 1984, Bass 1984, Dunn 1981). These 
assays for the simultaneous measurement of phagocytosis and oxidative burst permit 
the observation and quantification of oxidative burst in response to a physiological 
trigger. 
Oxidative burst is quantified by measuring the fluorescent reaction product of 2'7' 
dichlorofluorescein diacetate (DCFH-DA) and hydrogen peroxide. The non-polar, 
non-fluorescent compound 2'7' DCFH-DA is loaded into PMNL by passive 
membrane diffusion. Once inside the cell, the dye is deacetylated by non-specific 
esterase to form the polar, non-fluorescent dichlorofluorescein (DCFH). Reactive 
oxygen species released after phagocytosis oxidize the DCFH to form the highly 
fluorescent dichlorofluorescein (DCF) (Bass 1984, Keston 1965, Szedja 1984). 
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Trinkle and Wellhausen (1987) recently combined the above mentioned principles 
and described a flow cytometric assay using unfractionated (whole) blood that allows 
for the simultaneous assessment of P and OB through measurement of Texas Red 
stained-bacteria and the quantification of the fluorescent form of dichlorofluorescein 
diacetate resulting from activity of PMNL oxidative enzymes. They demonstrated the 
enhancement of these neutrophil activities in healthy donors in response to the 
addition of 10 µ.g/ml of LPS as well as in patients with bacterial infection. 
Many preparative methods for neutrophil isolation have been shown to activate 
neutrophils due to contaminating amounts of LPS in culture media animal sera, 
albumin and Ficoll solutions (Davis 1980, Dunn 1981, Guthrie 1984). 
Lipopolysaccharide (LPS), or endotoxin, is a major component of the outer 
membrane of Gram-negative bacteria. LPS is unique to the outer membrane, its lipid 
terminus providing a large part of the lipid phase of the outer bilayer of the 
membrane, while its long polysaccharide side chains provide surface antigens. Even in 
the absence of viable organisms, LPS has been associated with numerous diseases 
(e.g. disseminated intravascular coagulation, endotoxaemia following from Gram-
negative septicaemia, etc.) resulting in injuries to lung and kidney and other vital 
systems (Levin 1970, Smedly 1986). Endotoxin causes many of the abnormalities 
associated with death from Gram-negative bacteraemia. Antibiotics do not reverse 
evolving shock, but are required to clear bacteraemia. Endotoxin free in the blood 
activates mediators of cell damage until natural clearance - and detoxification 
mechanisms are able to handle the load (Ziegler 1988). The administration of 
endotoxin to normal subjects causes a depression of left ventricular function 
independent of changes in the left ventricular volume or vascular resistance. This 
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suggests that endotoxin is a major mediator of the cardiovascular dysfunction of septic 
shock (Suffredini 1989). Available clinical data suggest that during septic shock 
organisms with vastly different structural and molecular compositions can activate a 
common pathway leading to qualitatively similar severe cardiovascular dysfunction 
(Natanson 1989). Endotoxin mediated clinical problems often have high morbidity 
and mortality rates. In the U.S. alone, 90 000 deaths occur annually due to Gram-
negative sepsis. 
Numerous studies in experimental animals have shown that isolated endotoxin could 
virtually reproduce all of the clinical manifestations observed in patients with Gram-
negative sepsis (Shenep 1984). 
According to Levin (1970), during endotoxaemia, the concentration of LPS in plasma 
has been measured to be between 0.5 and 5 ng/ml. The host responds to the presence 
of LPS in a variety of ways. LPS has been shown to enhance both P and OB of 
neutrophils in vitro (Trinkle 1987) and enhances neutrophil emigration in vivo in 
rabbits (Cybulsky 1988). In vitro, LPS at concentration of 1-10 ng/ml "primes" 
neutrophils enabling them to respond to chemotactic factors with an enhanced release 
of oxygen radicals and lysosomal enzymes toxic to the ingested organisms (Guthrie 
1984). LPS also stimulated neutrophil adherence to plastic (Dahinden 1983) and to 
human endothelial cells (Smedly 1986). This activation of the inflammatory process is 
a double-edged sword as these seemingly advantageous properties also cause host 
tissue damage. 
The mechanism of neutrophil-mediated host injury is not entirely clear but has been 
reported to be due to the effects of neutrophil release of hydrogen peroxide of 
superoxide anions and lysozyme secretion on host target cells (Smedly 1986 ; Wilson 
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1982). Despite these detrimental effects, the selective use of modified "non-toxic" 
endotoxin molecules (monophosphosphoryl lipid A), has been proposed to stimulate 
the body's natural defence mechanisms (Ribi 1984). LPS can be extracted from intact 
cells and separated into a lipid A component which retains toxicity and a 
polysaccharide portion which has antigenic specificity (Ribi 1984). 
The cationic antibiotic polymyxin B binds to the lipid A portion of the LPS molecule 
(Morrison 1976, Wood 1978) and has been shown to block LPS-induced activation of 
human leukocytes in vitro (Lachman 1983). 
Employing a modification of the Trinkle assay, we have described a rapid and 
inexpensive method for measuring the effects of antibiotics and LPS on phagocytic 
and oxidative burst of PMNL. Additionally, EDTA and heparin, two commonly used 
anticoagulants, were investigated for their impact on these neutrophil function tests. 
The described technique utilizes whole blood thereby avoiding the necessity of PMNL 
separation and attempts to provide a simulation of an in-vivo environment. The 
method also minimizes mechanical or pyrogenic perturbation of the leukocytes which 
may lead to erroneous results (Wood 1978, Fearon 1983, Haslett 1985). 
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MATERIAI..S AND METHODS 
Blood donors 
Fresh unfractionated blood from 24 healthy human laboratory workers was obtained 
by a clean venipuncture with pyrogen - free needles into sterile 10 ml acid-citrate-
dextrose Vacutainer tubes (ACD) (Becton Dickinson Vacutainer Systems, 
Rutherford, NJ). These tubes are commonly used for cell isolation procedures. 
It was very important to adhere to a good phlebotomy protocol which included a short 
application time of the tourniquet, a good clean venipuncture with no difficulty of 
penetration of the venous wall and with minimisation of manipulations to obtain free-
flowing blood. A difficult phlebotomy results in activation of the leucocytes. As the 
assay is dependent on the relative availability of leukocytes, each donor's white blood 
cell status was determined by analysis of a sample of donor blood in an EDTA tube 
on a Coulter counter. This procedure excluded subjects with granulocytopenia or 
granulocytosis. 
In experiments comparing ACD and heparin, blood from each volunteer was 
collected first into a complete blood count tube (CBC) containing Potassium EDTA, 
followed by collection of blood into an ACD or heparin tube. All assays were 
performed within eight hours after obtaining the blood at the latest, but usually within 
3 to 4 hours. 
Reagents:Preparation of Bacteria and DCF 
Phagocytosis was quantitated using a commercially prepared fixed Staphylococcus 
aureus (trade name Pansorbin 10% wt/vol, Calbiochem, San Diego, CA) stained with 
propidium iodide (PI; Calbiochem, San Diego, CA). Equal volumes of Pansorbin and 
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PI (100 µg/ml) were mixed and allowed to stand for 30 minutes at room temperature. 
The labelled bacteria were washed twice and resuspended in Hanks Balanced Salt 
Solution (HBSS, (Gibco, Grand Island, NY) to achieve a final concentration of 5% 
w /v for use in the phagocytosis assay. 
Aliquots of 5 mM 2'7' dichlorofluorescein diacetate (DCFH-DA, Eastman Kodak 
Co., Rochester, NY) were stored in absolute ethanol at -20 ° C until diluted ten-fold 
in sterile HBSS for use in the assay. 2'7' dichlorofluorescein diacetate was dissolved in 
absolute ethanol. Different concentrations were evaluated, but 50 µM DCF was 
found most useful and became the standard testing concentration. All reagents were 
prepared with pyrogen-free saline or water, and all glassware used was sterilized. 
Reagents: Red cell Lysis reagent 
The red blood cell lysis agent consisted of 0.15 M ammonium chloride (Fisher, Fair 
Lawn, NJ), 0.01 M potassium bicarbonate, and 0.1 mM tetrasodium EDTA 
(Matheson, Coleman and Bell, Norwood, OH), dissolved in pyrogen - free saline 
(Abbott Laboratories, Chicago, IL). 
Reagents: Antibiotics 
The following antibiotics were obtained in reference powder and were dissolved in 
sterile saline in most cases: Doxycycline (Pfizer, New York, NY), tetracycline 
(American Cyanamid Co., Pearl River, NY), ciprofloxacin (Miles Pharmaceuticals, 
West Haven, CT), ceftriaxone (Hoffman La Roche, Inc., Nutley, NY), norfloxacin 
(Merck, Sharp and Dohme, West Point, PA), clindamycin (Upjohn, Kalamazoo, MI), 
teicoplanin (Merrell - Dow, Cincinnati, OH), imipenem (Merck, Sharp and Dohme, 
West Point, PA), vancomycin (Eli Lilly and Company, Indianapolis, IN), enoxacin 
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(Warner Lambert, Morris Plains, NJ), and pefloxacin (Roger Bellon, 159 Avenue A. 
Peretti, 92200 Neuilly Sur Seine). 
Certain antibiotics were dissolved in alternate solvents as directed by the 
manufacturer. For example, norfloxacin was reconstituted in 0.1 N NaOH, imipenem 
in pH 7 phosphate buffer, and enoxacin in 5 % ethanol and O.lN NaOH. For each 
antibiotic solution tested, a control was prepared which contained only the solvent 
used for that antibiotic solution. 
The antibiotics were made up in stock solution and frozen at 70° C in electron beam 
sterilized polypropylene tubes (Sarstedt, Niirnbrecht, West Germany), with the 
exception of imipenem which was prepared fresh for each experiment. Ciprofloxacin 
was stored in borosilicate glass vials. Each antibiotic was tested with the PMNs of at 
least three different donors. When major differences were observed in activity 
between control cells and cells exposed to antimicrobials, additional experiments were 
performed for confirmation. 
LPS, Polymyxin and EDTA 
Escherichia coli 055 : B5 Lipopolysaccharide (LPS) (Lots 3120-25-0 and 3923-25-9, 
Difeo, Detroit, MI); polymyxin B (Sigma) and tetrasodium EDTA (Matheson, 
Coleman and Bell, Norwood, OH) were dissolved and diluted in sterile pyrogen - free 
saline as fiftyfold stock solutions. Aliquots of these solutions were frozen at -20° C. 
Unfractionated Blood Phagocytosis and Oxidative Burst Assay 
A unfractionated blood assay described by Trinkle and Wellhausen has been modified 
for use with single laser excitation (Trinkle 1987). Each frozen or freshly -made 
antibiotic stock solution as fiftyfold stock concentration was diluted appropriately. Ten 
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microliters of the appropriate concentration of test reagent (sterile pyrogen- free 
saline, antibiotic, LPS or antibiotic solvent) were added to 440 µl of unfractionated 
blood in disposable tissue culture sterile polypropylene tubes (12 x 75 mm, 
individually wrapped). 
Stationary incubation at 37° C in a water bath was carried out for 60 minutes. The 
addition of 50 µl of 500 µM DCFH-DA solution to the polypropylene tubes of pre-
incubated blood followed by incubation for 10 minutes in a 37° C shaking water bath 
at 112 cycles / min allowed for transport of DCFH-DA into the leukocytes. A 50 µl 
aliquot of blood was then removed for time zero (t
0 
baseline) analysis of dye loading 
and endogenous peroxide levels prior to the phagocytosis related oxidative burst. 
Phagocytosis was initiated by the addition of 50 µl PI labelled S. aureus. Agitation of 
the tubes in the water bath was maintained throughout the experiment. At timed 
intervals of 5 (t5) and 10 minutes (t10) after addition of the bacteria, two additional 
50 µl aliquots were taken using pyrogen - free pipettes. These aliquots were exposed 
to red blood lysis reagent for 5 minutes. 
Each sample was placed in 1.5 ml of red blood lysis reagent consisting of 0.15 M 
ammonium chloride, 0.01 M potassium bicarbonate and 0.1 mM tetrasodium EDTA, 
mixed thoroughly and allowed to incubate five minutes at ambient temperature. 
Following RBC lysis, the WBC were centrifuged for 2 min at 500 g, the sample was 
washed with 1 ml HBSS, re - centrifuged and resuspended in 200 µl of HBSS. Each 
sample was placed on ice approximately 12-15 minutes after sampling and analyzed 
within 1 hour.Trypan blue quenches extracellular fluorescence and was initially used 
to distinguish between adherent (non- ingested) and ingested particles (Bjerknes 
1984, Hed 1987). No marked differences in fluorescent activity were found and further 
samples were analyzed without trypan blue. 
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Kinetic Study of LPS Activation 
LPS was added to unfractionated blood as described and allowed to incubate in a 
standing water bath, 37 ° C for O (zero time), 15, 30, 45, 60, 90 or 120 minutes prior to 
the addition of DCFH-DA. The blood was sampled prior to and 10 minutes after the 
addition of the S. aureus and processed as described above. 
Blocking of LPS effects by Polymyxin B 
When polymyxin was used to block LPS effects, the polymyxin dose was added 
immediately prior to the LPS dose. LPS was tested at 0.1 ng, 1 ng, 10 ng, 100 ng and 
1000 ng. Polymyxin B (10 µg/ml) was tested against the four highest LPS doses. 
Sodium EDTA was tested at 20,200,400, 1000 and 2000 µg/ml. 
Flow Cytometry 
Cells were analyzed by a FACS 440 flow cytometer (Becton Dickinson, Mountain 
View, CA) with Consort 30 data handling system. The 488 nm line from an argon 
laser operating at 400 mW was used to excite both the DCF and PI. DCF-related log 
green fluorescence was collected using a 530/15 bandpass filter (Becton Dickinson) 
and recorded as a measure of oxidative burst. PI-related log red fluorescence was 
collected using a 580 long pass filter (Ditric Optics) and recorded as a measure of 
phagocytosis. Standardization was performed daily by means of FITC and PI 
fluorescent beads (Flow Cytometry Standards Corp., Research Triangle Park, NC). 
Electronic compensation was used to eliminate fluorescence due to spectral overlap 
of the fluorochromes. Polymorphonuclear cells were selected for on the basis of 
forward and right angle light scattering properties (Fig. 3). Each sample consisted of 




The results of assays with control cell populations e.g. antibiotic-free saline were 
expressed as follows: A ratio of measured mean fluorescence of non-exposed cells 
(i.e. only exposed to sterile saline) relative to the exposed control cells (i.e. exposed to 
an antibiotic or LPS) was calculated and expressed as a percentage(%). This meant 
e.g. that the control cell population fluorescence was represented by 100 %. 
Concentrations of LPS and antibiotics described were final concentrations in the 
unfractionated blood. Concentrations used were based on previously published values 
shown to influence neutrophil function parameters (Daschner 1985, Duncker 1986) or 
on clinically relevant levels. 
Comparison of Heparin and ACD Anticoagulants 
Unfractionated blood was collected in either ACD or heparin Vacutainer tubes and 
assayed for phagocytic and oxidative burst activity as described without pre -
incubation. In every case using blood from four donors, DCF-related green 
fluorescence of the heparinized blood sample was 50-75% lower than the paired ACD 
blood sample when measured prior to the addition of the bacteria and also at 10 
minutes after the addition of the stimulus. However, the phagocytosis-related red 
fluorescence was slightly higher in the heparinized blood samples (up by 10%) when 
compared to the ACD blood. Subsequently, only ACD blood was used in all further 
experiments. 
Kinetic Study of Effects of LPS 
Unfractionated blood from four individuals was tested to determine the rapidity with 
which the neutrophil responds to endotoxin. Blood was pre-incubated as described 
with 100 ng/ml or 1000 ng/ml LPS or sterile saline for up to 2 hours prior to initiation 




consistent activation as measured by increased DCF fluorescence with 45 minutes of 
pre-incubation with LPS at the above doses and continued for the remainder of the 
pre-incubation time points (Fig. 4a). Effects of LPS on oxidative burst were detected 
in cells at all pre-incubation time points, including zero time incubation samples for 
which the OB assay was initiated immediately upon addition of the LPS. However, a 
consistent effect on all phagocytosis samples was not observed until after 15 minutes 
pre-incubation with LPS (Fig. 4b). Phagocytosis seemed to be maximal at 45 minutes 
(Fig. 4c). The amount of phagocytosis per cell was relatively constant for each group 
from 30 minutes to two hours, but the oxidative burst activity was diminished with 
increasing time after the 45-minute peak. 
LPS Dose Response 
In order to investigate whether this method would demonstrate effects of endotoxin 
on PMNL at levels of LPS consistent with those described in the serum of patients 
with Gram-negative bacteraemia (Levin 1970), fresh unfractionated blood from eight 
individuals was incubated for 60 minutes at 37° C with sterile saline or LPS at 
concentrations ranging from 0.1 ng - 1000 ng/ml. (Fig. 5). An increase in OB at 
concentrations of 1 ng/ml and greater after the 10-minute dye- loading step was 
apparent whether tested immediately prior to the initiation of phagocytosis or at 5 or 
10 minutes after addition of bacteria. This priming effect of LPS was somewhat dose-
dependent, as demonstrated by increase in P and OB at increasing concentrati2ons of 
between 0.1 and 100 ng LPS. The 1000 ng/ml LPS dose showed no additional, or in 
some cases less of a priming effect than did lower LPS concentrations. All individuals 
tested showed marked enhancement of both P and OB in both the 5 and 10 minute 
samples (mean activity up to 149% of control cells for P and 178 % of control cells for 
OB) at LPS doses of 1 ng/ml or greater. However, variable sensitivity to endotoxin at 
the 0.1 ng/ml dose was noted among individual subjects. Six of eight individuals 
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showed enhanced phagocytosis and to a lesser degree increased oxidative burst at this 
low dose, while only four out of eight showed a primary effect of LPS in the t
0 
sample 
with 1 ng/ml LPS. 
Blocking of LPS by Polymyxin B 
Polymyxin B binds to the lipid A region of the LPS molecule and has been shown to 
prevent LPS induced activation of leukocytes when co-incubated with LPS in the 
absence of serum (Morrison 1976, Wood 1978). To test whether this effect could be 
demonstrated in a unfractionated blood system, polymyxin B (10 µg/ml) was added 
to blood prior to the addition of LPS. It was found that when the ratio (w /w) of 
polymyxin to LPS was 1,000:1 or greater, inhibition of LPS activity could be 
demonstrated (Fig. 6). At __j 00:1, the values for phagocytosis and oxidative burst 
approached the level of a LPS-free control. 
EDTA Effects on Unfractionated Blood Phagocytosis 
To determine whether phagocytosis and oxidative burst could be inhibited in this 
assay system, cells were pre-incubated for 60 minutes with Na EDTA at 20 µg, 200 
µg, 400 µg, 1000 µg and 2000 µg/ml as described. Inhibition of oxidative burst and 
phagocytosis was seen at 1000 µg/ml and above. Phagocytosis was inhibited at the 
two higher doses but was unaffected at 400 µg/ml and lower (Fig.7). Oxidative burst 
was totally inhibited at the two higher doses22 and was reduced in some, but not all 
individuals at the lower doses. 
Antibiotics 
For the antibiotic side of the experiments, LPS, a potent stimulator of P and OB, and 
EDTA, an inhibitor of phagocytosis at concentrations above 1000 ug/ml, were used to 
assess the validity of the flow cytometric assay at concentrations described above. 
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Twenty four different blood donors were used for the antibiotics study. Eleven 
different antibiotics were tested at different concentrations. A total of 681 samples 
including controls were tested-this means the total number of cells counted amounted 
to a total of 2 043 000 cells. Unfractionated blood exposed to antibiotic was sampled 
immediately before the addition of S. aureus and 5 to 10 minutes after addition. Since 
LPS stimulation experiments consistently gave the highest readings at 5 minutes under 
conditions of the assay, the antibiotic data presented are those calculated from the 5 
minute values (Tables 1 and 2). Values obtained at 10 minutes (not shown) varied 
only slightly from those observed at the 5 minute reading. The mean activity of cells 
with the majority of antibiotics tested fell within 10 % of the activity of the respective 
antibiotic-free control cells, i.e. between 90 and 110 %. As noted in Tables 1 and 2, 
pefloxacin for example at concentrations of 200 ug/ml had a mean % activity of 
110%, while doxycycline, norfloxacin and tetracycline had reduced OB activity to less 
than 90 % of the activity of control cells. Doxycycline and tetracycline showed reduced 
phagocytosis activity to less that 90 % of antibiotic-free control cells. 
The antibiotic with the most prominent inhibitory effect was doxycycline. At 200 
µ.g/mi OB was reduced to a mean of 10 % of the control activity (range 10% and 
22%). Phagocytosis was reduced to a mean of 25% of control activity (range 14-32%). 
With increasing concentrations of doxycycline, a dose-related modulation of response 
was seen with both OB and phagocytosis (Fig. 8). 
Results with tetracycline were less dramatic than those obtained with doxycycline. 
Oxidative burst for tetracycline was reduced to 77% of control cell activity at 200 
µ.g/ml. One donor's cells showed very slight inhibition of OB and phagocytosis when 
exposed to tetracycline at 200 µ.g/ml. Upon inquiry she was found to have been taking 
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tetracycline for many years. This donor was therefore excluded from subsequent data 
analysis in that tetracycline may have been present in the control cells. At lower, 
clinically relevant concentrations of tetracycline, the only inhibitory effect on OB was 
seen at 10 µg/ml with a mean of 86% of control activity. Phagocytosis was not 
consistently affected at any of the tetracycline concentrations tested. 
Pefloxacin-exposed cells showed a dose-dependent increase of OB activity, while 
phagocytosis was not enhanced. At 200 µg/ml, the mean OB value obtained was 
138% of control activity (range 95-177%), at 100 µg/ml 123% (range 101-141%), and 
at 10 µg/ml 117% (range 104-125%) (Fig. 8). 
Occasionally, a mean percentage value for experiments at a certain drug 
concentration was noted to vary more than 10 % from the control activity for one or 
another parameter, e.g. 200 µg/ml norfloxacin (Table 1). 
However, none of the other eight antibiotics tested appeared to demonstrate dose-
related modulatory effects. Therefore, it was concluded that these drugs had no or at 
least marginal influence on OB or phagocytosis. 
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DISCUSSION 
Various methods are available for assessing phagocytosis by PMNs. Some of these 
techniques are cumbersome and tedious, and often do not reflect the physiological 
condition. The assay described here results in simultaneous measurement of two 
neutrophil function tests, i.e. phagocytosis and oxidative burst in unfractionated blood, 
and is relatively easy to perform should flow cytometry facilities be available. 
Compared to other types of manual assays, particularly those involving microscopy 
and colony counting, the flow cytometric assay has a greatly reduced labor component 
and is therefore relatively inexpensive. It is imperative that pyrogen - free equipment 
and reagents be used. The inadvertent activation of oxidative burst by even picogram 
amounts of LPS may result in misinterpretation of effects. Some non-reagent grade 
substance used early in the developmental stages of this study resulted in substantial 
activation of oxidative burst. Additionally, heparinized blood should not be used as it 
proved less suitable in terms of dye loading. 
We have modified a unfractionated blood method for the simultaneous quantification 
of phagocytosis and oxidative burst by neutrophils for use with a single-laser flow 
cytometer by using the DNA-intercalating dye, PI, to label fixed S. aureus and 2' 7' 
dichlorofluorescein as a fluorescent indicator of oxidative burst. Flow cytometric 
analysis of 22unfractionated blood preparations allows neutrophils to be "isolated" 
using the light scattering properties of these cells rather than mechanical, time-
consuming gradient techniques which have been shown to alter the shape of cells, 
reduce chemotaxis and o2 - release as well as increase lysosomal enzyme release 
(Haslett 1985). Fearon and Collins (1983) demonstrated that an eight-fold increase in 
the expression of C3b receptors on neutrophils could be induced by normal 
preparative centrifugation procedures in which the temperature is lowered to 4° C 
and then raised again. In addition to mechanical effects on the cells, isolation 
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procedures require extremely stringent measures to avoid endotoxin contamination of 
the cell preparation. Haslett (1985) found contaminating LPS concentrations between 
1 and 100 ng/ml in commercially prepared reagents for cell isolation. 
A unfractionated blood system is ideal for examining the effects of various agents on 
leukocytes in that it avoids these potentially activating procedures and allows the 
examination of cellular function in a near physiological milieu. We found that by 
incorporating only pyrogen-free reagents, we were able to detect effects of sub 
nanogram levels of LPS on P and OB. Others have described similar enhancement of 
other neutrophil activities by ultra low levels of endotoxin (Guthrie 1984, Smedly 
1986). 
The influence. of antibiotic therapy on non-specific defense mechanisms has 
many facets and has been evaluated from many different viewpoints in the literature. 
The concept of antibiotics depressing or enhancing host defense has been widely 
published (Daschner 1985, Seneca 1986, Forsgren 1984). The beneficial effects of 
antibiotics for the host reside in the impairment or destruction of the microbial 
invader. However, the immunomodulating role of antibiotics is not clearly defined. 
Ideally, an antibiotic should enhance or at least not prove to be inhibitory to the host 
defense mechanism. According to Milatovic (1983), the interactions between 
antibiotics and the phagocytosis process can be arranged in four major categories: 
1) influence of antibiotics on chemotaxis; 
2) direct action of antibiotics on the phagocytic cell functions; 
3) uptake and / or killing of bacteria altered by previous contact with antibiotics; 
4) intracellular penetration of the antibiotics and intracellular activity against 
phagocytosed bacteria. 
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The method described here evaluated only the interactions of category 2. Various 
other in vitro assays have been described which measure specific stages of this 
complex process; however, comparison of results is difficult since differences in 
experimental circumstances could influence the actual in vitro measurement. Factors 
such as the addition of serum and the separation of the white blo2222od cells may 
cause membrane structural changes and may alter in vitro functionality (Fearon 
1983). 
In our flow cytometric assay system, a marked reduction of both oxidative burst and 
phagocytosis after pre-exposure of PMNs to doxycycline was observed. Other studies 
have reported similar findings. Duncker (1986) showed suppression of 
chemiluminescence (CL) in vitro by doxycycline and tetracycline. These in vitro 
results correlate well with ours, despite the fact that CL is only a by-product of OB. 
Siegel and Remington (1982) showed significant inhibition of CL of PMNs by 
tetracycline and doxycycline. Geisen et al. (1986) also showed a reduction of CL and 
phagocytosis with doxycycline at 8 µg/ml after pre-incubation of diluted 
unfractionated blood for 10 minutes. Forsgren et al. (1984) looked at parameters of 
chemotaxis and phagocytosis in human PMNL pre-exposed to a range of antibiotics. 
Doxycycline was found to have a significant depressive effect on above parameters. 
Gnarpe (1974) found that when leukocytes were pre-exposed to doxycycline, the 
bacteria were found to be adherent to the granulocyte surface rather than ingested 
when observed by scanning electron microscopy. 
Chemiluminescence was almost totally extinguished (Belsheim 1983) after FITC 
stained yeast cells were opsonized and mixed with granulocyte suspensions which had 
been pre-incubated with various concentrations or doxycycline. In other experiments 
(Gnarpe 1974), the number of phagocytosing cells was reduced to less than 50% of 
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the normal when doxycycline was present at 10 µg/ml. Tetracyclines generally inhibit 
leukocyte chemotaxis, usually at 2.5-1000 µg/ml (Daschner 1985, Forsgren 1974, Gree 
1984). The clinical significance of these findings is unknown. On the other hand, 
leukocytes of donors who had been exposed to oral doxycycline showed no change in 
ingestive capability compared to controls (Melby 1981) and no effect on monocyte 
phagocytosis (Athlin 1984, Forsgren 1984). 
Few studies have demonstrated enhanced phagocytosis by antibiotics. Ceftriaxone, 
enoxacin and norfloxacin have been reported to enhance CL (Duncker 1986). It is 
interesting to note that these drugs require unusual solvents and the possibility of 
contamination of reagents with stimulatory substances cannot be excluded. 
One curious finding in our study is the marked dose-dependent modulation of 
oxidative burst independent of an effect on phagocytosis by pefloxacin (Fig. 8). 
Pefloxacin's effect on phagocytic function of rat macrophages and PMNs was studied 
by Desnottes et al. (1986). They found both 1 and 100 µg/ml pefloxacin significantly 
increased the phagocytic capacity and activity of PMNL. This discrepancy with our 
phagocytosis data could possible be due to the differences in the assay systems, i.e. 
human unfractionated blood vs. isolated rat PMNL or due to an effect of pefloxacin 
on the live yeast during the 2 hour incubation with PMNL in Desnottes' system. 
Boogaerts et al. (1986) studied the effects of the new quinolones on PMNL function 
by chemiluminescence, myeloperoxidase, superoxide production, phagocytosis and 
chemotaxis. No differences for these parameters were found for ciprofloxacin, 
norfloxacin, pefloxacin and ofloxacin, except for a 5% stimulation of phagocytosis with 
10 µg/ml norfloxacin a 10 µg/ml pefloxacin. Our data do not confirm this finding 
(Table 1). In agreement with our observations, no direct effect on phagocytosis by 
human granulocytes was found with the quinolone derivatives ciprofloxacin and 
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norfloxacin by Forsgren (1985). However, they observed enhanced killing of S. aureus 
by PMNL exposed to sub-inhibiting levels of ciprofloxacin. 
In our assay, neither teicoplanin nor vancomycin showed a dose-modulated response 
on the leukocyte parameters measured. Fietta et al. (1986) showed that neither 
teicoplanin nor vancomycin interfered with phagocytosis. However, teicoplanin but 
not vancomycin in that report enhanced intracellular killing by neutrophils from 
normal donors. 
Numerous conflicting results on the direct effects of antibiotics on leukocytes have 
been reported. It appears from our findings that very few antibiotics at clinically 
relevant concentrations directly influence either the respiratory burst or phagocytosis 
byPMNL. 
An increase in unfractionated blood phagocytosis in all individuals tested, was seen 
with concentrations as low as 1 ng/ml LPS. In many individuals tested, 100 pg/ml LPS 
could prime the neutrophils after 1 hour exposure at 37 °c. In our time study in which 
the effects of the length of PMNL exposure to LPS were examined, we found that 
even when LPS was added immediately prior to the addition of 2'7' DCFH-DA, we 
could measure an increase in OB. However, we did not see a consistent stimulatory 
effect on the t
0 
sample until after 45 min incubation with LPS (Fig. 4a). One could 
speculate that this delay in activation of the neutrophil could indicate that this t
0 
priming may not be due to a direct effect of LPS on neutrophils, but may be an 
interleukin-1 (IL-1) mediated response. Cybulsky et al. (1988), in a study examining 
effects of LPS, IL-1 and tumor necrosis factor a (TNF) on neutrophil emigration in 
rabbits, observed that after injection of LPS, the maximal rate of emigration was 
consistently 30 min later than with IL-1 or TNF exposure, suggesting that neutrophil 
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emigration in response to LPS was cytokine mediated. However, Lachman (1983) 
reported that monocytes but not PMNs release IL-1 in response to LPS; therefore, 
part of the response to LPS in this unfractionated blood system could be due to 
interaction between monocytes and neutrophils via the release of cytokines. 
Previous investigators have used flow cytometry to assess neutrophil functions in 
normal individuals and in patients with acute infection by both Gram positive and 
Gram negative organisms. Increased oxidative burst has been reported in patients 
with documented bacterial infections (Bass 1984, Bassoe 1984, Smedly 1986). 
However, Bassoe (1984) reported decreased phagocytosis related fluorescence in 
patients with documented bacterial infections, while Nagel (1986) demonstrated that 
PMNL from elderly patients have a larger population of nonphagocytic cells. The 
apparent decrease was suggested by Bassoe (1984) to be due to reduction of 
phagosomal pH and the sensitivity of FITC to pH. 
Simms (1989) examined PMNL and monocytes from 20 patients with acute bacterial 
infection for phagocytic function. Markedly enhanced phagocytosis as measured by 
the ingestion of (E) IgG and IgG / C3b - coated erythrocytes was seen. The kinetics 
of phagocytosis by patient's monocytes was faster. The PMNL and monocytes of these 
patients are either upregulated with respect to phagocytic function or are less 
susceptible to downregulation than are normal cells. This probably has a beneficial 
effect on host defences during infection. 
Previously LPS at 10 µg/ml has been shown to activate cells in a unfractionated blood 
assay system (Trinkle 1987) and to produce an increase in oxidative burst and 
phagocytosis. We have shown that with the addition of 1 ng/ml LPS or, in some 
individuals, concentrations as low as 100 pg/ml, we could detect increased activity in 
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both neutrophil functions when compared to a paired co- incubated LPS free control. 
These concentrations of LPS mimic levels of LPS detected in patients with bacterial 
sepsis (Levin 1970). 
The cationic antibiotic polymyxin B (Poly B) is well known for its ability to block the 
stimulatory effect of LPS by binding the lipid A portion of the LPS molecule. The 
mechanisms are still not fully understood. The production of tumor necrosis factor 
(TNF-a) by isolated rat macrophages in response to LPS and macrophage activating 
factor was blocked by Poly B (Stokes 1989). Perhaps due to TNF mediating a lot of 
effects of LPS, this inhibition provides a mechanism to explain the protection afforded 
by Poly B against LPS induced toxicity. Morrison (1976) found a stoichiometric 
interaction between LPS and Polymyxin B in a serum-free buffer system, suggesting 
the binding of one molecule of Poly B to one monomer unit of LPS. Lachman (1983) 
demonstrated that human serum interfered with Poly B inhibition of LPS activation if 
LPS was incubated with Poly B prior to addition of serum. We determined that the 
ratio of Poly B to LPS needed to be 1000:1 or greater for consistent abrogation of the 
LPS effect in unfractionated blood. We could demonstrate this inhibition by adding 
Poly B to unfractionated blood immediately prior to addition of LPS. 
The use of heparin as an anticoagulant was investigated and found to be less desirable 
for measuring oxidative burst by DCF fluorescence than ACD. This appears to be due 
to insufficient dye loading in the presence of heparin. This may be related to the pH 
of heparinized blood which is higher than its ACD counterpart (pH 7.9 and 7.2, 
respectively in one individual). The anticoagulant EDTA inhibited phagocytosis and 
oxidative burst (70 % and 87%, respectively) at concentrations present in CBC tubes. 
Concentrations less than 20 ug/ml had little effect on unfractionated blood 
phagocytosis. 
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Another possible application for this method is to detect neutrophil activation in 
patients with infection to rapidly confirm suspected endotoxaemia. In addition, it 
would be of interest to investigate whether "detoxified" LPS derivatives, 
monophosphoryl lipid A demonstrate priming effects on neutrophils similar to that 
seen with LPS. 
Lipopolysaccharide mutants have been produced and been used to treat patients with 
Gram-negative bacteraemia. It appears from a study by Ziegler (1982) that the 
intravenous administration of antisera prepared with a mutant of Escherichia coli 
which produces lipopolysaccharide with defective side chains, substantially reduces 
the deaths as a result from Gram negative bacteraemia. In a randomized, double 
blind, multicenter trial comparing the efficacy of human IgG antibody to Escherichia 
coli (J5-IVIG) with that of a standard IgG preparation (IVIG), J5-IVIG was not 
superior to IVIG in reducing mortality or in reversing Gram-negative septic shock 
(Callandra 1988) 
In summary, we have shown that this unfractionated blood flow cytometric method of 
phagocytosis and oxidative burst determination is an appropriate vehicle to study the 
relationship between immunomodulatory ( e.g. LPS) or chemotherapeutic (Poly B) 
agents and their effects on these neutrophil functions. This can be carried out on 
single-laser flow cytometer. It is a rapid, labor-efficient and relatively inexpensive 
method which avoids the likelihood of inadvertent cellular activation by eliminating 
the necessity of PMN separation and its adverse mechanical effects. Our flow 
cytometric assay method for assessment of the direct effects of antibiotics on 
leukocytes gave comparable results to other tedious and laborious methods described 
in the literature. The advantages of the flow cytometry method are that it approaches 
physiological conditions, utilizes unfractionated blood, gives rapid results and is less 
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labor intensive.We have found that the sensitivity of this method depends on 




Fig. 1: Fluorescence microscope micrograph of DCF-related fluorescence 10 minutes 
after addition of DCF-DA to neutrophils (in green); and demonstration of ingested 
propidium iodide labelled Staph. aureus shown in re~. 
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Fig. 2: A diagrammatic representation of a flow cytometer. (compiled from various 
sources) 
1. Represents the sample to be sorted. 
2. Represents the narrow bore tube through which stained cells move in 
single file in the centre of a stream. 
3. Detection chamber 
4. Forward angle light scatter detector (PALS) with obscuration bar to 
protect F ALS detector from exposure to the direct laser beam. 
5. Fluorescence detectors: Typical instruments have three or four of these, 
one of which is used to measure light scattered perpendicular to the laser 
beam by the cells. 
6. Signal processors. 
7. Integral computer which digitizes the signals, stores and displays them. 
8. Computer screen display of sorting window. 





























Fig. 3: Flow cytometric scattergram as seen on the computer screen to demonstrate 
gating of the monocyte region in the top figure and gating of polymorphonuclear 
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Fig. 4: Time study of LPS effects on phagocytosis and oxidative burst by PMNs. 
Unfractionated blood from four individuals was pre-incubated with/without LPS from 
0-120 minutes (x-axis) prior to addition of 500 µM DCFH-DA. 
4a. DCF-related green fluorescence (Y-axis) of samples taken prior to the addition of 
bacteria (to DCF): (to DCF: __ ; to DCF + LPS:-------). 
4b. DCF-related green fluorescence (Y-axis) of samples taken 10 minutes after the 
addition of bacteria (t10 DCF): 
(t10 DCF: __ ; t10 DCF + LPS:----). 
4c. Red fluorescence related to phagocytosed PI labeled S. aureus (Y-axis) (t10 
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Fig. 5: Dose effects of different LPS concentrations varying from 0,1 to 1000 ng/ml on 
oxidative burst (DCF) and phagocytosis of PMNs in unfractionated blood measured 
at different time intervals (0, 5, 10 minutes) after initiation of phagocytosis by addition 
of propidium-iodide labeled Staph. aureus. Results are expressed as the ratio of the 
measured effect of an LPS-free control to the measured effect of the LPS treated 
sample in percentage (n = 8). 
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Fig. 6: Effects of LPS in unfractionated blood with/without Polymyxin B (10 µg/ml) 
on oxidative burst (DCF) and phagocytosis by PMNs. Results are expressed relative 
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Fig. 7: Dose effects of EDTA (20-2000 µg/ml) on oxidative burst and phagocytosis by 
PMNs. Results are expressed as a ratio of the measured effect of an EDTA-free 
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Fig. 8: Dose dependent modulation of oxidative burst and phagocytosis by 
doxycycline, pefloxacin, tetracycline and imipenem. Results for oxidative burst 
expressed as the means of the DCF related green fluorescence of the antibiotic 
exposed cells relative to the means of the DCF related green fluorescence of 
antibiotic free control cells.Results for phagocytosis expressed as the means of the red 
fluorescence (RF) of the antibiotic exposed cells relative to the means of RF of the 
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